Seal rotordynamic coefficients link the fluid reaction forces to the rotor motion, and hence are needed in the stability calculations for the overall rotating systems. Presented in this paper is a numerical method for calculations of rotordynamic coefficients of turbomachinery seals with rotors nominally at centered, eccentric and/or misaligned position. The rotor of the seal is assumed to undergo a prescribed small whirling motion about its nominal position. The resulting flow variable perturbations are expressed as Fourier functions in time. The N-S equations are used to generate the governing equations for the perturbation variables. Use of complex variables for the perturbations renders the problem quasi-steady. The fluid reaction forces are integrated on the rotor surface to obtain the fluid reaction forces at several different whirl frequencies. The rotordynamic coefficients are calculated using appropriate curve fitting. Details of the model are presented, and sample results for concentric and eccentric annular incompressible flow seals are included to demonstrate the capability and accuracy of the proposed method.
INTRODUCTION
Seal Rotordynamics urbomachinery seals interface between rotating parts such as rotors, blade tips, and stationary parts such as housings. The seals, used to isolate regions of different pressures, are non-contacting, and allow a leakage flow across. The fluid flow that exists in seals generates reaction forces on the rotor. As a rotor moves away from its nominal operating position, the fluid flow in the seal is altered and reaction forces are generated on the rotor. Knowledge of the type and magnitude of these forces is important when calculating the stability characteristics of the overall rotating system. The reaction forces can be destabilizing e.g. in a labyrinth seal, Alford 1965], or with proper designs, the reaction forces can be used to stabilize the rotor and provide load bearing capabilities in a seal, Von Pragenau [1982, 1987] . As a seal rotor moves away from its nominal position, the reaction forces generated by the fluid flow can be linked to the rotor displacement, velocity and accelerations using a spring-damper-mass system in 2 directions.
For the seal configuration shown in Figure 1 , the reaction forces Fy and F can be linked to the rotor motion using the relation IFl + -Mzy Mzz (1) where y,/9, Y and z, , % are the displacements, velocities, and accelerations in the Y and Z directions. Kyy and Kzz are the direct and Ky and Kzy the cross-coupled stiffness coefficients, Cyy, Czz and Cyz, Czy direct and crosscoupled damping coefficients and Myy, Mz and My, My the direct and cross-coupled inertia (added mass) coefficients. Linked in this fashion, the rotordynamic coefficients can directly be used in the rotor stability calculations. When the nominal position of the rotor is concentric, the coefficient matrices become simpler and assume a skew-symmetric fo, given as _Fy= Kk y+ -k K z -c C + (2) -mM with a total of only six distinct coefficients as against twelve for the general case. The influence of annular seal forces on the dynamics of centrifugal pumps was first investigated by Black [1969] and Black and Jensen [1970] . A bulk flow model was developed to compute the rotordynamic coefficients of annular seals. The theory treats the seal as a single lumped flow domain with no variations across the volume with friction factor correlations used to calculate wall shear. A perturbation in the rotor location is then used to generate the fluid reaction forces and subsequently rotordynamic coefficients. This method can be used to calculate only the skew-symmetric coefficient set. Bulk flow models based on Hirs' lubrication equation [1973] were developed by Childs for short [1983] and finite length [1983] annular seals. The bulk flow model was also extended to compressible flow seals by Nelson [1985] for annular and tapered seals.
Recently, more detailed solution procedures, based on 2-D solution procedures have been reported. The models account for flow variations in the circumferential as well as the axial direction but the variations across the film are integrated to give mean flow parameters. San Andres [1991] used the Hirs' lubrication equations with a 2-D solution procedure similar to the SIMPLE method for flow solutions in eccentric and misaligned seals and bearings under constant and variable properties. Frene [1989, 1991] used N-S equations integrated across the film thickness to treat eccentric annular seals.
In both the methods, the flow equations are perturbed to yield equations for the static flow and the perturbations in the flow. With a prescribed, small motion of the rotor, the perturbation variables are calculated and the pressures integrated on the rotor surface to generate fluid reaction forces and the rotordynamic coefficients.
The above described methods use integrated, mean values of the flow variables, averaged over either the overall flow domain, or across the fluid film in the seal. [1988] . A 3-D Navier-Stokes analysis was done on an eccentric, whirling annular seal with incompressible flow. The fluid reaction forces were used to compute the rotordynamic characteristics of the seal. In addition, flow fields at several seal configurations and boundary conditions were computed. Computed flow fields showed the existence of recirculation bubbles in the seal flows under certain flow conditions. Nordmann et. al. [1987, 1989] have reported a finite-difference method based on the N-S equations for seal rotordynamics, where they have used a small-perturbation analysis on the N-S equations in cylindrical frame. The method was used to compute rotordynamics of nominally concentric, annular and grooved seals with incompressible and compressible flows. They also reported a study for eccentric, incompressible flow seals, Nordmann and Dietzen [1988] . More recently, For nominally eccentric and/or misaligned seals, the full CFD solution method is based on the "shaker" method used in experimental determination of the rotordynamic coefficients (e.g. Childs et al [1996] ). The rotor is moved along a radial direction from a nominally concentric or eccentric position, and the motion is sinusoidal in time. The resulting time-dependent flow is calculated using a moving grid algorithm. The pressures on the rotor surface are then integrated to provide time-accurate fluid reaction forces, which then are used to calculate the rotordynamic coefficients. This, method, based on the full CFD solutions, is flexible and can be used for all nominal rotor positions, however, the computational times involved can be expected to be higher than the whirling rotor method, due to the time-accurate solutions that have to be obtained.
The method presented in this paper is developed to treat seals with rotors that are nominally eccentric and/or misaligned. To avoid the high computational times associated with the full, time accurate CFD solutions, the method is based on a small-perturbation analysis of the 3-D flow field in the eccentric seals. The methodology is similar to that described by Nordmann and Dietzen [1988] (4) where the subscript 0 corresponds to the time-independent values that describe the steady flow in the seal with the rotor at its nominal position, and the time-dependent perturbations are denoted by the subscript 1. Since the rotor center motion has sine and cosine functions of time, we assume that the time-dependent part of the resultant perturbations can also be expressed using Fourier series in time. Thus, we have, e.g.,
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Ulc COS Ot + Uls sinlt V1 Vlc COS lit + Vls sinl2t (5) where the values Ulc Uls etc. now are functions of space only. When solutions of turbulent flows in the seals are considered, the variables connected with turbulence: turbulent kinetic energy (k), dissipation rate (), and the turbulent viscosity (t) are assumed to be unaffected by the rotor center motion, and hence are held constant at their steady-state, 0th order values.
To derive the equations for perturbation variables, we start with the N-S equations, and introduce a coordinate transformation to map the time-varying grid locations (x,y,z,t) to a time-independent grid frame (I, -q, , 'r). The resulting equations are:
Continuity:
DESCRIPTION OF THE SOLUTION METHODOLOGY Governing Equations
The seal flow is described using the 3-D Navier-Stokes (N-S) equations in the generalized body-fitted-coordinate (BFC) system. The perturbations in the flow are introduced by assuming that the rotor center undergoes a whirl about its nominal, steady-state position. The rotor spin and whirl velocities are assumed to be o and 1) respectively (see Figure 1 ). The rotor center position, in general, can be described as
Momentum: The analysis given by Tam et.al. 1988 ] was applied to a few data points from the present computations to check the ability of the perturbation model to predict flow physics as outlined in their paper. Seal pressure differentials of 50 and 500 KPa at a rotor speed of 1080 rpm were selected as the two sample points. In the present set of calculations, the real parts of the reaction forces F y and Fz correspond to the direct and quadrature dynamic stiffness as described in Tam et.al. [1988] .
Plot of the quadrature dynamic stiffness, K Vs. the whirl frequency [1 for the two pressure differentials is shown in Figure 8 Figure 9 shows the plots. Slopes of the lines give the direct inertia coefficient M. In the model described by Tam et.al. [1988] , the direct stiffness coefficient is defined as the intercept on the vertical axis in Fig. 9 Simon and Frene [1991] . Solutions Eccwt it y. 
